pisA mutants of Escherichia coli are temperature-sensitive strains which possess two enzymes of abnormal thermolability, sn-glycerol 3-phosphate acyltransferase and adenylate kinase. Phospholipid synthesis is inhibited after shift of plsA mutants to temperatures at the lower end of the nonpermissive temperature range. This inhibition is not due to inactivation of the adenylate kinase activity since nucleic acid (and hence adenosine 5'-triphosphate) synthesis is inhibited only slightly. These results show that in vivo inactivation of the sn-glycerol 3-phosphate acyltransferase can be observed under conditions which allow normal adenylate kinase function.
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Temperature-sensitive mutations in the pisA gene of Escherichia coli result in an sn-glycerol 3-phosphate (G3P) acyltransferase of abnormal thermolability (8, 9, 12, 17a, 18) . This enzyme catalyzes the first step in the synthesis of phosphatidic acid, a key phospholipid precursor (10) . The original mutants were isolated by an sn-
[JH]G3P suicide procedure which selected mutants defective in phospholipid synthesis at 37 C, the nonpermissive temperature (8) . Consistent with the rationale of the selection method, the rate of phospholipid synthesis in these mutants decreased abruptly after shift to 37 C (9) .
However, recent studies by Glaser and coworkers (11, 12) indicate that the phenotype at nonpermissive temperatures is more complex than was originally perceived. Upon shift to temperatures above 38 C, the original pisA mutants abruptly and dramatically curtail macromolecular and adenosine 5'-triphosphate (ATP) synthesis. Glaser et al. (12) showed that the inhibition of ATP synthesis (and consequently of macromolecule synthesis) can be attributed to a thermolabile adenylate kinase which accompanies the acyltransferase mutation. However, at 37.2 C nucleic acid synthesis, ATP synthesis, and adenylate kinase activity are normal (12) . Therefore, even though both temperatures are nonpermissive for growth, a 1-degree temperature change causes this dramatic change in phenotype.
This unique behavior led us to question the earlier experiments (9) from which we concluded that phospholipid synthesis was inhibited as the direct consequence of the temperature-sensitive acyltransferase lesion. The temperature control in these experiments may not have been sufficiently precise to rule out an effect on ATP synthesis. The decreased phospholipid synthesis, therefore, could have been due to a decreased ATP concentration rather than a specific inhibition of phospholipid synthesis.
In this paper, we demonstrate that a specific inhibition of phospholipid synthesis occurs in plsA mutants shifted to temperatures at the lower end of the nonpermissive range. Little or no inhibition of nucleic acid (and hence of ATP) synthesis is apparent at these temperatures. We also report some in vitro characterization of the adenylate kinase activities of two of these strains.
MATERIALS AND METHODS
Bacterial strains and media. Two sets of strains were used. The pisA mutants CV15 and CV2 and their plsA+ parent strain 8 have been described previously (8, 9, 18) . Strain GN1908, the parental strain, and its pIsA mutant strains, GN9 and GN3, were also described in previous publications (8, 13) . These latter strains were denoted 1908, 9, and 3, respectively, in an earlier publication (8) . Strains GN9 and GN3 have also previously been called PLS629 and PLS631, respectively (13) .
Two media were used. A broth medium (9) was used in the studies of strain 8 and its derivatives and a glucose-casein hydrolysate-supplemented low-phosphate medium (8, 13) was used in the experiments with strain GN1908 and its derivatives.
Growth of cells. Cultures were grown in gyrotory water bath shakers. Temperatures were monitored with a telethermometer (Yellow Springs Instrument Co.) and are given +0.1 C in the experiments with strain 8 and its derivatives and 40.5 C in the experi-136 PHOSPHOLIPID SYNTHESIS IN E. COLI plsA MUTANTS ments with GN1908 and its derivatives. Temperature shift was accomplished by placing a flask containing the culture in a shaking water bath at the new temperature. The new temperature was attained by the contents of the flask within 2 min. Cell growth was monitored turbidimetrically at 540 nm.
Incorporation of 3 2p into phospholipid and nucleic acid. The methods used for incorporation of 32p, were those described previously (9, 11) except that the chloroform-methanol pellet was solubilized with 0.15 N NH4OH rather than 0.5 N NaOH. Adenylate kinase assay. Enzyme extracts were prepared and assayed spectrophotometrically exactly as described by Glaser et al. (12) . One unit of adenylate kinase activity is defined as 1 micromole of ATP formed per hour.
RESULTS
Phospholipid synthesis in strains CV15 and CV2. Strains CV15 and CV2 are two of the original plsA mutants (8, 9, 18) . Both strains have been shown to possess: (i) a temperaturesensitive G3P acyltransferase (9, 12, 18) , (ii) temperature-sensitive phospholipid synthesis (8, 10) , (iii) temperature-sensitive macromolecule and ATP synthesis at temperatures above 38 C, and (iv) a thermolabile adenylate kinase (12) . These phenotypes appear due to a single mutational lesion (9, 18) in each strain which maps in the plsA gene by both linkage and complementation analysis (8) .
We have examined phospholipid and nucleic acid synthesis in these strains and their wildtype parent, strain 8, after shift from 25 to 35 C. Since the adenylate kinase defect first becomes apparent between 37.2 and 38.3 C (12), we chose a lower nonpermissive temperature, 35 C, to avoid possible complications due to imprecise temperature control. The G3P acyltransferase of strain CV15 was previously shown to be about ninefold more thermolabile than the strain 8 enzyme at 35 C (9).
After temperature shift to 35 C, both plsA strains continued slowly to increase in mass for about 1 h before growth ceased (Fig. 1) . Pulselabeling of these 35 C cultures with 82Pi showed a dramatic inhibition of the rate of phospholipid synthesis, whereas the rate of nucleic acid synthesis was only slightly inhibited (Fig. 2) . The rates of phospholipid and nucleic acid synthesis observed for strain 8 upon shift to 35 C are very similar to those reported earlier (9, 11, 12) and are thus not shown. However, strain CV2 did show a significant inhibition of the rate of nucleic acid synthesis beginning about 40 min after shift to 35 C, whereas strain CV15 showed no such inhibition. We supposed this difference between the two strains was due to a partial inhibition of the adenylate kinase of strain CV2 at 35 C. We therefore assayed the adenylate kinase of strain CV2 and found it was more thermolabile in vitro than the enzyme of strain CV15 (Fig. 3) . This was expected since the G3P acyltransferase of strain CV2 was also known to more thermolabile than the CV15 enzyme (18) .
Therefore, upon shift to 35 C, both CV strains show a preferential inhibition of phospholipid synthesis. The continuation of nucleic acid synthesis indicates the inhibitory effect is unique to phospholipid synthesis and cannot be attributed to an inhibition of ATP synthesis. In agreement with the results of Glaser et al. (11, 12) , we find a profound inhibition in the synthesis of both phospholipid and nucleic acid synthesis if cultures of strains CV15 and CV2 are shifted to temperatures above 37.2 C (data not shown).
Phospholipid synthesis in strains GN3 and GN9. Strains GN3 and GN9 are plsA mutants selected from strain GN1908 by the [8H]G3P suicide technique (13) . Both of these strains have been shown to possess a G3P acyltransferase activity of increased thermolability (8) which results from single mutational lesions which were shown to map in the plsA gene via linkage and complementation analysis (9, 14) .
These plsA strains were isolated using higher permissive (30 C) and nonpermissive temperatures (42 C) than were used during the isolation of the CV strains (14) and therefore are temperature-sensitive only at temperatures above 38 C. Shift of cultures of strain GN9 from 30 to 38 C results in a profound inhibition of phospholipid synthesis which increases steadily with time (Fig. 4) . In contrast, no inhibition of nucleic acid synthesis is observed at the elevated temperature. In agreement with the results observed with the CV strains, shift of strains GN3 and GN9 to 41 rather than 38 C results in the inhibition of both phospholipid and nucleic acid synthesis (Fig. 4) (3, 4, 11, 12) , and thus the inhibition of phospholipid synthesis observed at these temperatures cannot be attributed to a lack of ATP. We, therefore, attribute the specific inhibition of phospholipid synthesis to the well-documented thermolability of the G3P acyltransferase of the plsA strains (8, 9, 12, 17a, 18 1, 15, 17, 20) , both of which are G3P (or glycerol) auxotrophs. The bestcharacterized G3P auxotrophs are those isolated by Bell (1) . These auxotrophs are of two classes. One class (gpsA) requires G3P due to a defect in the structural gene encoding the enzyme that catalyzes the synthesis of G3P (1, lb, 6) . The other class (plsB) requires G3P due to a defect in the G3P acyltransferase which results in an increased Km for G3P (la, lb, 7).
Starvation of either of these strains for G3P results in an immediate and profound (90 to 95%) inhibition of phospholipid synthesis (Nunn and Cronan, in press; 1, 20). However, the synthesis of nucleic acid and protein is only slightly (30 to 50%) inhibited under these conditions (Nunn and Cronan, in press; 1, 20).
In agreement with Glaser and co-workers (11, 12) we find that macromolecule synthesis as well as phospholipid synthesis is inhibited in plsA strains shifted to elevated nonpermissive temperatures. Glaser et al. (12) have shown that the inhibition of macromolecule synthesis is due to a decreased intracellular level of ATP. In turn the decreased level of ATP can be attributed to an inactivation of the cellular adenylate kinase (12 shown to possess an adenylate kinase of increased thermolability (12) (Fig. 3) . In addition, the adenylate kinase mutant of Cousin (3) was shown to have a thermolabile G3P acyltransferase (12) . Revertants of plsA mutants to plsA+ regain both a normal G3P acyltransferase (9, 12) and a normal adenylate kinase (12) .
We have shown that both the G3P acyltransferase (18) and the adenylate kinase (Fig.  3 ) activities of strain CV2 are more thermolabile than the enzyme of strain CV15. The G3P acyltransferase and the adenylate kinase activities of E. coli, therefore, seem to be very intimately related.
The most straightforward interpretation of these data is that the loosely membrane-bound (12) (14, 19) , the adenylate kinase activity of E. coli may also have a complex functional structure in vivo.
These workers have extensively studied the adenylate kinase activity of a mutant which shows temperature-sensitive ATP synthesis (4). The adenylate kinase activity of this mutant was very thermolabile in crude extracts but became much less thermolabile upon purification (5) . Also the thermolability of the mutant was strongly dependent on protein concentration. The enzyme was found to be much more thermolabile at high protein concentrations than at low protein concentrations (5 Rates of phospholipid (PL) and nucleic acid (NA) synthesis in strains GN1908, GN3, and GN9 after shift from 30 C to the temperature shown. The experiments were performed as described in Fig. 2 except that the exposure to "1P' was only for 3 min. (A) Absolute rates for strain GN1908 after shift to 41 C; (B, C, and D) rates of synthesis for strains GN3 and GN9 upon shift to the temperatures given on the figures expressed relative to a parallel culture of GN1908. mutation of strain CV2. In addition, the plsA, acrA double mutants were less sensitive to acridine than an acrA plsA+ strain. An examination of the adenylate kinase and G3P acyltransferase activities of acrA and acrA pisA strains might, therefore, be useful in unraveling the interrelationships of these enzyme activities. 
